The present work focuses on the characterization of the effects of the human head on communication with cranially implanted antennas for its eventual use in improving current communication methods. A realistic human head model with frequency dependent tissue characteristics is used to obtain a transfer function that describes the magnitude and phase of an electromagnetic wave as it propagates through the human head. This data, captured over a wide frequency range, is then approximated through the use of a modified version of the indoor propagation communication model for path loss which is used to successfully predict received power from cranially implanted antennas.
Introduction
Previous work has been done to characterize the communication channel that exists between an implanted antenna and an external receiver through Finite Difference Time Domain (FDTD) simulation of the torso [1] . Other work has been done that presents power levels obtained at an external receiver for communication through a multi-layered sphere representation of a human head [2] . The main contribution of this work is in using a realistic human head model that contains frequency dependent electrical characteristics to characterize the human head s effect on the propagation of electromagnetic waves from multiple angles and to suggest a communication model that fits well with collected data. It is shown that the suggested model predicts, quite well, the received power from implanted antennas.
E-Field Ratio Technique for Obtaining Transfer Function Data
The method used in this paper to obtain the transfer function data of the human head is derived from conventional ultra-wideband (UWB) transmit-receive antenna systems, such as the system seen in Figure 1 . UWB theory posits that the transfer function of an entire system, , is separable into a cascade of three distinct transfer functions; namely those of the transmit antenna, the channel and the receive antenna. Analysis of UWB system equations found in [3] show that the channel transfer function can be obtained by taking the ratio of the electric field at the points just before and just after the locations of the receive antenna and transmit antenna, 978-1-4244-4968-2/10/$25.00 ©2010 IEEE respectively. Using this E-field ratio technique, the electric field has been recorded without antennas for a plane wave excitation every half-centimeter into the skull from four different orientations; the front, back, side and top of the head. The electrical characteristics of three pertinent tissues are shown in Figure 2 (A) -two bolded vertical dotted lines denote the range of 300MHz to 3GHz. Plane wave excitation from the side is explicitly shown in Figure 2 (B).
Figure 2: (A) Tissue Characteristics, (B) Simulation Setup for E-Field Technique
Figure 3, below, shows both a 3D and 2D plot of the transfer function magnitude for the plane wave entering the head from the left. Superimposed on both plots are power profile results calculated using the 3D Poynting vector field to ensure that results are correct. Simulated values for all other orientations are extremely similar -differences of up to 10dB greater loss do occur in the "top orientation, but only at high frequencies and distances.
Figure 3: (A) 3D and, (B) 2D Transfer Function Magnitude, Comparison of Two Techniques

Modified Indoor Propagation Model to Describe Path Loss
The well-known indoor propagation communication model that describes received signal levels over distance is extended to include frequency loss and slightly modified before being fit to all of the captured data from all orientations. Modifications to the model are necessary because the initial model assumed the independence of frequency and distance which leads to a poor fit. A minimum mean square error technique has been used to obtain the coefficients of the equation and the resulting transfer function for perpendicular communication through the head is shown below in 
Prediction of Power Level Results
The technique used to obtain power levels has been verified through duplicating the simulated results seen in [2] . An implanted dipole antenna transmits to an external dipole whose distance varies. The dipoles are designed at ~400MHz and the power at the receiver is plotted vs. external antenna distance. The multi-layered spherical model in [2] is then replaced with the human head model and the same distance dependent simulations are performed for which communication takes place through the right side of the head. Further simulations have been performed for varying angles of an external dipole which is placed at a constant 50 cm from the center of the head. For both distance and rotation, two locations of the internal dipole have been simulated: centered and 4.5cm off-center. Figure 5 (A) shows this setup.
Before one can predict results, it must be noted that these simulations are for transmission from an implanted antenna. Predictions can only be made if one assumes reciprocity and one can assume reciprocity only at specific points that abide by the implicit assumptions of our transfer function; namely that communication is occurring perpendicular to the skull. At these points, then, the relative differences between the estimated curves should match the relative differences of the corresponding curves in the simulated results. Figure 5 (B) plots the estimated curves by plotting (1) vs. frequency for different values of distance. As an example, to predict the difference between the centered and off-centered curves in Figure 6 (A) we must look at the difference between the estimated 8.5cm and 4cm plots, respectively, at 400MHz. When this is done, a 12.12dB increase in power for the off-center dipole over the centered dipole is correctly predicted. Most other predictions are within 1dB -for example, with respect to the centered dipole rotation simulations seen in Figure 6 (B) , the relative differences between the front and back, side and back, and side and front are correctly predicted within 1dB. However, for the off-center rotated dipole seen in Figure 6 (B) , the prediction for the difference between the two sides of the head ( and ) is off. From Figure 5 (B) a 23.25dB difference is predicted but in simulation we only obtain an~18dB difference. This can be seen to have occurred because of a small hump in the results at the far side of the head. This extra power is contrary to intuition and it is hypothesized that some sort of creeping wave effect may be influencing the received power in this region. 
Conclusions
In this work we have characterized the communication channel of the human head, fit the simulated data with a modified version of the indoor propagation model and used said model to predict results of internally transmitting antennas under the assumption of reciprocity. Through these simulations we have found that our transfer function is reciprocal in some cases, but it does not always take into account all possible effects when the internal antenna is transmitting. Future work includes validation of our channel model using human phantoms. 
